was grown at 370C in the medium described by Foster & Davis (1966) , using the same techniques as described for P. methanica. Starter cultures (500ml) were used to inoculate 101 of sterile mineral-salts medium in a fermentor (model MF214; New Brunswick Scientific Co., New Brunswick, N.J., U.S.A.). In this case the culture was gassed with a methane-air (5:95) mixture at l1/min.
methanooxidans at 300C at the earliest times of sampling appeared in serine, malate, aspartate and an unknown compound(s) tentatively suggested to be folate derivative(s). At 160C, [14C]methanol was fixed predominantly into serine and the unknown compound(s). 5. Extracts of Methylococcus capsulatus contain an enzyme system that catalyses the condensation of formaldehyde and ribose 5-phosphate to give a mixture consisting mainly of fructose phosphate and allulose phosphate. No similar activity was detected in extracts of Methanomonas methanooxidans. A convenient method was developed for assay of this enzyme system. 6. The enzyme system catalysing the condensation of formaldehyde with ribose 5-phosphate is particle-bound in both Methylococcus capsulatus and Pseudomona8 methanica and is unstable in the absence of Mg2+. 7. Extracts of Methanomonas methanooxidans contain high activities of D-glycerate-NAD oxidoreductase, whereas extracts of Methylococcus capsulatus and Pseudomonas methanica contain negligible activities of this enzyme. 8. These results indicate that during growth of Methylococcus capsulatus on methane, as with Pseudomonas methanica, cell constituents are made by the ribose phosphate cycle of formaldehyde fixation. This contrasts with Methanomonas methanooxidans, whose assimilation pathway resembles in some features that of Pseudomonas AM1 growing on methanol.
Previous work has led to the suggestion that the net incorporation of CG units by Pseudomonas methanica, during growth on methane or methanol, proceeds by way of a modified pentose phosphate cycle (Johnson & Quayle, 1965; Kemp & Quayle, 1966 , 1967 . The present paper describes investigations carried out on the two other well-authenticated methane-utilizing organisms, Methylococcus capsulatus (Foster & Davis, 1966) and Methanomonas methanooxidans (Stocks & McCleskey, 1964) to see whether the same or different pathways operate for synthesis of cell constituents.
MATERIALS AND METHODS
Maintenance and growth of the organisms. P. methanica was grown as described previously (Johnson & Quayle, 1965; Kemp & Quayle, 1966 (1951) press at -15°C, and the crude extract was centrifuged at 90 OOOg for 30min. Unless specified differently in the text, the pellet was extracted thrice with 10vol. portions of the same buffer mixture, with centrifuging each time. For routine use, the three supernatants obtained from the three extractions of the pellet were combined and the combined extract was used as such. The supernatant obtained from the first centrifugation of the crude extract was not generally used.
Chemical determinations. Protein was determined by the method of Folin and Ciocalteu as described by Layne (1957) , with bovine serum albumin as standard.
Chromatography and radioautography. The methods of chromatography, radioautography, identification of labelled compounds and radioassay were as described by Large, Peel & Quayle (1961) , unless specified otherwise.
Dephosphorylation of phosphorylated compounds was carried out after their elution from chromatograms with 0.2-0.5ml of water. To this solution was added 20,ug of potato acid phosphatase [Boehringer Corp. (London) Ltd., London W.5, U.K.] dissolved in 20mM-sodium acetate buffer, pH4.8, containing lOmM-MgCl2. A drop of toluene was added and the mixture incubated at 37°C for 16h. It was then chromatographed two-dimensionally as before, and the resulting radioactive sugars were identified by two-dimensional co-chromatography with authentic samples with the same solvent systems as used for the initial chromatography. The carrier sugars were located by the reagents described by Kemp & Quayle (1966) . Identification of carboxylic acids was achieved by onedimensional co-electrophoresis with authentic samples for lh at a potential gradient of 40V/cm with as buffer 0.5m-acetic acid solution adjusted with pyridine to pH4.0 (Gross, 1959) . After radioautography of the radioactive sample the carrier compound was detected by spraying the electrophoresis paper with 0.2% (w/v) Bromocresol Green in ethanol adjusted to pH7.0 with ammonia. Amino acids were identified by one-dimensional co-electrophoresis with authentic samples at 40V/cm with as buffer formic acid-water (3:37, v/v) (Hartley & Jevons, 1962) . The carrier amino acid was detected with 0.25% (w/v) ninhydrin in acetone followed by brief heating at 105°C.
Measurement of radioactivity. The radioactivity of paper chromatograms was measured with a mica-endwindow Geiger-Muller tube (type 2B2) coupled to a scalar type D657 (Panax Equipment Ltd., Redhill, Surrey, U.K.). At least 1000 counts were recorded and corrections were made for background counts.
The radioactivity in the precipitated barium hexose phosphate from the hexose phosphate synthetase assays (see below) was measured as follows. Each glass-fibre disc containing the dried precipitate was placed in a scintillation vial with 0.5ml of NE213 liquid scintillator (Nuclear Enterprises Ltd., Sighthill, Edinburgh, U.K.). The samples were assayed for radioactivity in a liquidscintillation counter (model 6801; Nuclear-Chicago Corp., Des Plaines, Ill., U.S.A.) and quench corrections by the channels-ratio method were applied. The radioactivity of each sample was measured for 10min and background counts were subtracted.
Incorporation of [14C] formaldehyde by cell-free extracts. The incorporation of ['4C]formaldehyde by cell-free extracts of Mtl. capsulatus and Mtn. methanooxidans was performed in a similar way to that described by Kemp & Quayle (1966) except that the system was scaled up tenfold and MgCl2 was added. The complete system contained 100ltmol of sodium phosphate buffer, pH 7.0, lOmol of ribose 5-phosphate, 10,mol of MgCI2, 10,mol of [14C]formaldehyde containing 12,uCi of 14C, and 0.5 ml of extract (containing 0.25mg of protein) in a total volume of 1 ml. The reaction was started by adding extract and stopped after 15min at 30°C by the addition of 4ml of ethanol. Control incubations are described in the text. The mixtures were centrifuged, the supernatants evaporated to dryness in vacuo at 40°C and the residues each taken up in 0.2 ml of aq. 20% (v/v) ethanol. Samples (0.lml) of the ethanolic extracts were chromatographed two-dimensionally in the same way as described for whole-cell incubations. After radioautography the chromatograms were assayed for radioactivity with a mica-end-window Geiger-Muller tube.
Enzyme assays D-Glycerate-NAD oxidoreductase (hydroxypyruvate reductase, EC 1.1.1.29). This was assayed by the procedure of Large & Quayle (1963) by measuring the rate of disappearance of NADH spectrophotometrically in the presence of lithium hydroxypyruvate.
Enzyme sy8tem catalysing the condensation of formaldehyde and ribose 5-phosphate (hexose phosphate synthetase). This was measured in cell-free extracts by determining the incorporation of label from [14C]formaldehyde into sugar phosphates with D-ribose 5-phosphate as substrate.
Unless stated otherwise the assay mixture consisted of 20,umol of sodium phosphate buffer, pH7.0, 2timol of MgCl2, 2,umol of ribose 5-phosphate, 2,umol of formaldehyde containing 0.02,uCi of '4C, and bacterial extract and water to a total volume of 0.4ml. The reaction was started by adding extract and incubation was for B min at 30°C. The reaction was stopped with 1.5ml of ethanol, and 0.1ml of 5% (w/v) barium acetate was added to precipitate sugar phosphates. The mixture was left for 10min at 0°C and then filtered under reduced pressure Table 2 and are very different from those relating to P. methanica and Mtl. cap8ulatu8. In particular a considerable amount of radioactivity appeared at the earliest times of sampling in an unknown compound (or compounds) designated in Table 2 (22, umol; 200jCi) was added at zero time to 5ml of a suspension of bacteria (6mg dry wt./ml) in 10mM-phosphate buffer, pH 7.0, containing NH4Cl (10mM), gassed with methane-air (5:95) as described in Table 1 . Samples (approx. 1 ml) were removed at intervals and treated as described in Table 1 as a long streak in the phenol-formic acid solvent, the leading edge of the streak ran with the solvent front and the trailing edge terminated at Rf approx. 0.5. When the chromatogram was developed in the second dimension with butanolpropionic acid, the streak migratedwith Rp 0.1-0.2. The identity of the compound(s) comprising this streak is not known. It does not co-chromatograph with either N-methylglutamate or sarcosine, compounds that have been implicated in methylamine metabolism during growth of species of P8eudo-mona8 on methylamine as sole carbon and energy source (Shaw, Tsai & Stadtman, 1966; Kung & Wagner, 1968) . On the other hand, tetrahydrofolic acid when chromatographed in this two-dimensional solvent system gives a long streak in a closely similar position to that of the unknown compound. Since serine is also an early labelled intermediate, it might be thought that a folate derivative could be functioning as a carrier of radioactive C, units for hydroxymethylation of glycine. Hence we suggest tentatively that compound X might be a folate derivative or mixture of folate derivatives. Reduced folate compounds are very unstable and break down to a complex mixture under the conditions used in the analysis of the labelled compounds, hence further identification was not attempted in these experiments.
A further difference between the labelling pattem in Mtn. methanooxidan8 and those in P. methanica and Mtl. cap8ulatu8 is that in the first organism serine is rapidly labelled whereas phosphorylated compounds are labelled relatively slowly. This is clearly brought out when the results are plotted graphically, as shown in Fig. 2 . The slopes for the two compounds, aspartate and compound X, are negative; the initial slope for malate appears negative but this cannot be regarded as certain on the basis ofonly the first and second points, and, further, These results indicate that Mtl. cap8ulatu8 possesses an enzyme system similar to that of P. :periments indicated methanica catalysing the condensation of formalde-;e phosphate cycle of hyde and ribose 5-phosphate to give hexose phosperating, similar to phate. no evidence for the By contrast, when a similar experiment to that Id be found in Mtn. described above was performed with an extract of that one of the key Mtn. methanooxidans, little radioactivity was found tose phosphate cycle in the areas of the chromatograms corresponding to ldehyde with ribose either free sugars or phosphorylated compounds.
-phosphate (Kemp & Elution of the origin area of the chromatogram nee extracts of Mtl. resulting from the complete test system, followed oxidan& were tested by treatment with phosphatase and rechromatosystem by incubation graphy, did not reveal the presence of any radioibose 5-phosphate, as active sugars. It is concluded that Mtn. methanond Methods section. oxidant does not possess an enzyme system catalysanalysed by chroma-ing the condensation of formaldehyde with ribose why. The complete 5-phosphate. Hughes press it was found that 93 % of the total 0.63 1.3 activity of hexose phosphate synthetase present in 0.69 0.86 the suspension was sedimented at 90 OOOg (Table 6 ). Table 7 . Effect of Mg2+ on hexose phosphate synthetase Cell-free extracts were prepared from freeze-dried P. methanica and Mtl. capsulatus as described in the Materials and Methods seetion, with 20mM-sodium phosphate buffer, pH 7.0. Then 0.Olml of each extract was assayed for hexose phosphate synthetase in the presence or absence of 5 mM-MgCl2 in the assay system described in the Materials and Methods section. Samples of the extracts were then diluted tenfold with 20mM-sodium phosphate buffer, pH 7.0, with or without the addition of 1 mM-MgCl2. Then 0.lml of each diluted preparation was assayed in the presence or absence of 5mM-MgCl2 in the assay system. 
